Abstract. Hypoxia and anemia are common complications following joint arthroplasty. Whether hypoxia indicates that a patient is anemic and whether anemia causes a decline in arterial oxygen pressure accompanied by hypoxemia are not completely understood. The aim of the present study was to determine the association between hypoxemia and anemia following arthroplasty. A total of 135 patients who underwent arthroplasty at the China-Japan Friendship Hospital between January and May 2013 were retrospectively analyzed. The patients were divided into five groups depending on the type of arthroplasty they had experienced: Unilateral total knee arthroplasty (TKA), bilateral TKA, unilateral total hip arthroplasty (THA), bilateral THA or unilateral unicompartmental knee arthroplasty. Perioperative peripheral oxygen saturation (SpO 2 ) and hemoglobin (Hb) levels were assessed, and the associations between the changes in SpO 2 (ΔSpO 2 ) and hemoglobin (ΔHb) levels on the first and third postoperative days (PODs) were analyzed using Pearson's correlation test for each group. The perioperative SpO 2 curves for the various groups were typically at their lowest on the day of surgery. Significant hypoxemia was observed on POD 0-2, although a stable recovery curve was observed on POD 3-5. Trends in ΔHb were observed among the 5 groups, with the lowest Hb value observed predominantly on POD 2 and 3. By POD 4 and 5 Hb levels had recovered, with a steadily and consistently increasing curve. There was no statistically significant correlation between ΔSpO 2 and decrease in Hb levels (P>0.05). SpO 2 levels should not serve as a clinical indicator of the incidence and severity of anemia in patients who have undergone primary arthroplasty. To a point, the degree of postoperative anemic status does not affect SpO 2 levels.
Introduction
Hypoxemia following arthroplasty has been reported to be a common postoperative complication (1) (2) (3) . In 32% of hypoxic patients, hypoxemia was the initial symptom to develop and is a predicting factor for major complications, and is defined as life-threatening if left untreated (1) (2) (3) . It has been suggested that a hypoxemic episode may contribute to myocardial ischemia, infarction, wound infection (2, 4, 5) , mental confusion (6,7), heterotopic ossification and idiopathic arthrofibrosis (8) following the surgical procedure. Myocardial ischemia is more likely to occur if an episode of hypoxemia is prolonged (>5 min) and severe [perioperative peripheral oxygen saturation (SpO 2 ) <85%] (5). The morbidity associated with hypoxia is exacerbated by delirium, which commonly follows total hip arthroplasty (THA) in patients with femoral neck fractures (7) .
Anemia is commonly encountered during the perioperative period (3, 5, 7) . Blood loss may occur from the osteotomy surfaces of the distal femoral and proximal tibial bones, from the soft tissue-injury and from the dredged marrow cavity (9) . However, long-term anticoagulation therapy and early rehabilitation of joint function have also resulted in postoperative anemia (10) .
Questions persist as to whether hypoxia indicates that a patient is anemic and whether anemia causes a decline in arterial oxygen pressure accompanied by hypoxemia. The purpose of the present study was to determine the association between hypoxemia and anemia following arthroplasty.
Materials and methods
Ethical approval. The present study was approved by the Institutional Review Board on Human Studies of the Ethical Committee of the China-Japan Friendship Hospital (Beijing. China), and was conducted in accordance with the Helsinki Declaration of 1975 (11) . All patients were required to sign an informed consent form prior to participation in the study. The written-informed consent forms were provided by the patients and stored in the hospital database for clinical research.
Patient characteristics.
A total of 135 patients (male, 53; female, 82; mean age, 59.7 years; age range, 24-83 years) who underwent arthroplasty at the China-Japan Friendship Hospital from January to May 2013 were retrospectively studied. The inclusion criteria were as follows: Primary arthroplasty, no previous history of severe lung disease, normal preoperative pulmonary function, and availability of complete medical records. Patients were divided into 5 groups according to the type of arthroplasty they underwent (Table I) : Unilateral total knee arthroplasty (TKA), bilateral TKA, unilateral THA, bilateral THA or unilateral unicompartmental knee arthroplasty (UKA). Patient charts were reviewed in order to obtain the required data, including body mass index, preoperative diagnosis, type of anesthesia, medical complications, and anticoagulant options (either low molecular weight heparin or rivaroxaban). Height and weight were recorded preoperatively. SpO 2 and hemoglobin (Hb) levels were measured by routine blood tests perioperatively. Room-air SpO 2 was measured prior to the surgical procedure using a pulse oximeter (Portable PC-60C Non-invasive Pulse Oximeter; Shenzhen Creative Industry Co., Ltd., Guangdong, China). Oxygen saturation was measured preoperatively, intraoperatively, and on postoperative days (POD) 1-6 using a pulse oximeter. Nursing surveillance included recording of pulse oximetry with routine vital signs every 6 h following arthroplasty. Hypoxemia was defined as SpO 2 <90%. A complete blood count was performed for all patients pre-and postoperatively via routine blood tests. A detailed data sheet recording the exact circumstances surrounding a hypoxic event, the general information and the final outcome was completed for each patient. No patient developed a pulmonary embolism.
Surgical procedures. All surgical procedures were performed by or under the supervision of a fellowship-trained arthroplasty surgeon. Hip arthroplasty at the China-Japan Friendship Hospital is performed with the patient in the lateral decubitus position using a modified posterolateral approach and uncemented components. TKA and UKA are performed on an exsanguinated limb under tourniquet pressure, using a medial parapatellar arthrotomy and cement fixation (12) . The postoperative protocol for arthroplasty patients included deep venous thrombosis prophylaxis with subcutaneous administration of 4,000-6,000 U low molecular-weight heparin (Glaxo Wellcome Production, Evreux, France) or oral administration of 10 mg rivaroxaban (Bayer AG, Leverkusen, Germany). All arthroplasty patients were placed on oxygen during the immediate postoperative period and weaned over the following 24 h. Patients were mobilized early in the postoperative period and were encouraged to ambulate with assistive devices on POD 2-3.
Statistical analysis. Data are presented as the mean ± standard deviation. All data analyses were performed using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). In all patients, SpO 2 levels and Hb were measured and drawn into a tendency chart preoperatively, intraoperatively and on POD 1-6. Variations in these parameters were identified, and associations between the changes in SpO 2 (ΔSpO 2 ) and Hb (ΔHb) levels on POD 1 and 3 were analyzed using Pearson's correlation test for each category of arthroplasty. P<0.05 was considered to indicate a statistically significant result.
Results
The perioperative SpO 2 curve for each surgical category demonstrated that SpO 2 was typically lowest on the day of surgery (POD 0). Marked hypoxemia was observed on POD 0-2, although the recovery curve demonstrated a stable increase in SpO 2 on POD 3-5 ( Fig. 1 ). The analysis of ΔHb revealed trends among the 5 groups, with the lowest Hb value observed most frequently on POD 2-3 following arthroplasty. Hb levels increased consistently over POD 4-5 (Fig. 2) Perioperative hemoglobin levels associated with various types of arthroplasty. Hb, hemoglobulin; U-THA, unilateral total hip arthroplasty; B-THA, bilateral total hip arthroplasty; U-TKA, unilateral total knee arthroplasty; B-TKA, bilateral total knee arthroplasty; U-UKA, unilateral unicompartmental knee arthroplasty.
Discussion
Due to the lack of consistency in the literature with regard to the definition and monitoring of hypoxemia, marked discrepancies in reported incidences of hypoxemia following arthroplasty have been found. The incidence of hypoxia in clinical settings is generally unknown. A previous study reported a 42% incidence of hypoxemia on POD 1 following THA (7). Austin et al (3) demonstrated that hypoxemia occurred more frequently during POD 2, and that its incidence was relatively low (4%). Hong et al (13) reported a case of hypoxemia in a healthy elderly male patient that developed 2 h following cementation of the prosthesis during THA under spinal anesthesia. However, increases in ventilation-perfusion mismatch were demonstrated by Ereth et al (14) to occur within 30 min following insertion of the femoral prosthesis. The lowest SpO 2 value was shown to often occur on the day of surgery, with significant hypoxemia on POD 0-2 followed by a stable increase in the first 3-5 days (14) . However, Mimura et al (15) reported that even on POD 5, oxygen tension was decreased by >10% in 5 of the 10 post-TKA patients. It was also noted that none of these patients developed clinical dyspnea, and only one patient was diagnosed with pulmonary embolism using a ventilation/perfusion scintigraphy (15) . Postoperative hypoxemia results most frequently from one of two possible physiological mechanisms: Hypoventilation or abnormal gas exchange (16) . These mechanisms include pulmonary embolism, pulmonary edema, and pneumonia. Hypoxemia also varies according to the physical status and cardiovascular reserve of the patient (7, 16) . Postoperative hypoxemia can be secondary to numerous conditions (1,3,7) , including the effects of narcotics, postoperative atelectasis, fluid overload, and hypoventilation. Blood loss following revision surgery requires abundant blood transfusion and high fluid resuscitation (9) . Intravenous fluid overload in a weak, malfunctioning heart predisposes a patient to pulmonary edema, which may result in respiratory failure and hypoxemia (3) . In the present study, a significant difference was identified in ΔSpO 2 between hip and knee arthroplasties. The results of previous studies suggested that a thrombogenic process is created from venous stasis and intimal wall damage caused by tourniquet use (17, 18) . Hypoxemia may result from venous embolization that occurs in conjunction with intramedullary hypertension in the femur during insertion of the prosthesis in patients undergoing arthroplasty (14) . A second explanation is based on the results of transesophageal echocardiographic studies that demonstrated that fat embolic loads are greater following cemented TKA than following uncemented THA (19) . Within knee arthroplasty, the incidence of filling defects was greater when both the femoral and tibial canals were cannulated than when only one or no bone was cannulated (17, 20) . These results are concordant with those of a previous study which examined lower cardiac embolic load with computer-assisted surgery (20) . Perioperative monitoring for embolism may be helpful in assessing patients in whom cardiorespiratory function deteriorates. Due to the lack of a validated screening tool (17, 21) , the poor sensitivity of the clinical signs and symptoms of thromboembolic complications, and the possibility of a fatal outcome, clinical decision-making on the course of action for the hypoxemic patient is difficult (3). The value of pulse oximetry and blood gases in evaluating pulmonary embolism remains unclear. Episodic hypoxemic events have been described in sleeping postoperative patients who had received analgesic therapy such as opioids (22) . In addition, patients with obstructive sleep apnea had a higher and more transient hypoxia; however, the incidence of complications experienced by these patients was not increased following appropriate oxygen supplementation (4, 23) .
The results of the present study indicated that ΔSpO 2 was inconsistent with a decrease in Hb levels. There appeared to be little correlation between the two random variables. Arthroplasty is usually associated with significant blood loss (9, 10) . Documented complications of perioperative anemia include tachycardia, hypotension, and increased risk of perioperative myocardial infarction (24) . The oxygen-carrying capacity of blood is likely best determined by the mass of circulating red blood cells (3, 16, 25) . Anemia is a condition characterized by a decrease in the oxygen-carrying capacity of blood. Under most circumstances, Hb concentration is a good indicator of red cell mass, but changes in plasma volume may lead to discrepancies in the results. In patients undergoing surgical procedures and critically ill patients, fluctuations in the plasma volume often occur due to the use fluid resuscitation to treat patients with fluid resuscitation for hypovolemia and increased capillary leakage (25) . Some investigators have hypothesized that anemia-induced tissue hypoxia elicits the same responses as exposure to low fractions of inspired oxygen or systemic hypoxia (26, 27) . There are important differences between anemia and hypoxia in terms of blood chemistry (28) . During anemia, a reduction in blood oxygen content occurs as a result of reduced Hb levels while arterial oxygenation and oxyhemoglobin saturation remain high. During hypoxia, arterial oxygenation is reduced, which results in oxyhemoglobin desaturation at normal Hb levels (26) . At reduced Hb levels, optimal oxygen loading of Hb in the lung is observed with anemia (29) . The mechanisms underlying these effects are thought to include a nitric oxide-mediated increase in minute ventilation and ventilation/perfusion matching, which optimizes Hb saturation to ~100% (29) . SpO 2 serves as a cardiopulmonary oxygen transfer measurement, not a measure of tissue perfusion. A severely anemic person may have an SpO 2 of 100% but a very low oxygen-carrying capacity. This is the cause of anemia-associated problems with wound healing, organ failure and other complications (9, 24) . Severe anemia is associated with marked stability of pulmonary gas exchange (30) . Anemia results in improved gas exchange in the normal lung due to an improvement in overall ventilation/perfusion matching. In turn, this may be a result of favorable changes in pulmonary blood flow distribution, as assessed by the fractal dimension and spatial correlation of blood flow and as a result of increased nitric oxide availability (26, 27) . The increase in cardiac output results from a composite increase in both heart rate and stroke volume, which acts to increase cardiac output and thereby maintain overall systemic oxygen delivery and consumption with low Hb levels (31, 32) .
There were limitations to the present study. The majority of the patients in the study underwent general anesthesia, which may account for the perioperative decrease in SpO 2 levels. Medical comorbidities were not considered in the analysis. The sample sizes were relatively small, since there were numerous type of surgical procedures and deep venous thrombosis prophylaxis and anesthesia that were used. Further studies with larger cohorts are required in order to draw conclusions regarding blood loss.
In conclusion, SpO 2 levels should not serve as a clinical indicator of the incidence and severity of anemia in patients who have undergone primary arthroplasty. To a point, postoperative anemia does not affect SpO 2 levels. Hypoxemia alone was not found to be specific for a particular etiology, and further diagnostic studies are required.
